
THE EFFECT OF SIMULATED 

THE SHOCK LAYER OF BLUNT BODIES 
AT MACH NUMBERS OF 3 AND 5 

ABLATION-GAS INJECTION ON 

7 by George E. KaattarZ' 

Ames  Research Center 
Moffett Field, Cali$ 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  W A S H I N G T O N ,  D. C. A U G U S T  1965  



TECH LIBRARY KAFB, NM 

THE EFFECT OF SIMULATED ABLATION-GAS INJECTION ON 

THE SHOCK LAYER OF BLUNT BODIES AT MACH 

NUMBERS OF 3 AND 5 

By George E.  Kaattari 

Ames Research Center 
Moffett Field, Calif. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - Price $1.00 



THE EFFECT OF SIMULATED ABLATION-GAS I N J E C T I O N  ON 

THE SHOCK LAYER OF BLUNT BODIES AT MACH 

NUMBERS OF 3 AND 5 

By George E. Kaattari 
Ames Research Center 

SUMMARY 

The e f f e c t  of s imulated a b l a t i o n  of gases  on t h e  bow shock l a y e r  of 
spherical-segment-face and f l a t - f a c e  models w a s  i n v e s t i g a t e d  experimental ly .  
Ablat ion w a s  s imulated by i n j e c t i n g  t h e  gases  a i r ,  helium, and Freon through 
t h e  porous f r o n t  f aces  of t h e s e  models i n t o  an oncoming a i r  stream f o r  which 
t h e  free-stream Mach numbers w e r e  3 and 5 .  Shadowgraph p i c t u r e s  taken  during 
t h e  t e s t  u sua l ly  showed t h e  presence of an i n t e r f a c e  sepa ra t ing  t h e  i n j e c t e d  
gas and t h e  oncoming a i r  stream. I n  most ca ses  t h e  bow shock s tandoff  d i s tance  
increased  l i n e a r l y  with t h e  r a t i o  of in jec ted-gas  t o  f ree-s t ream m a s s  f low. 
However, i n  some c a s e s ,  l a r g e ,  uns t ab le  f l u c t u a t i o n s  i n  bow shock s tandoff  
d i s t ances  occurred a t  l a r g e  mass-flow r a t i o s .  Except when t h e  flow w a s  
uns t ab le ,  t h e  t e s t  r e s u l t s  a t  a given Mach number f o r  t h e  d i f f e r e n t  gases  cor- 
r e l a t e d  with t h e  flow r a t e  of t h e  gas d iv ided  by t h e  square roo t  of i t s  molec- 
u l a r  weight.  The e f f e c t  of Mach number could be accounted f o r  by inc luding  i n  
t h e  c o r r e l a t i o n  parameter t h e  square roo t  of t h e  normal-shock dens i ty  r a t i o .  
The experimental  bow shock s tandoff  d i s t ances  f o r  t h e  spherical-segment-face 
models w e r e  found t o  be i n  fa i r  accord with t h e o r e t i c a l  r e s u l t s .  A s i m i l a r  
comparison f o r  t h e  f l a t - f a c e  model w a s  not  made because of t h e  l a c k  of  
t h e o r e t i c a l  r e s u l t s .  

INTRODUCTION 

Vehicles en te r ing  t h e  atmosphere a t  h igh  speeds a r e  enveloped by high- 
temperature  shock l a y e r s .  I f  t h e  temperature  i s  s u f f i c i e n t l y  h igh ,  c e r t a i n  
su r face  materials may be ab la t ed  from t h e  v e h i c l e  i n  t h e  form of gas .  This  
a b l a t i n g  gas can have s i g n i f i c a n t  e f f e c t s  on t h e  shock l a y e r .  Since t h e  shock 
l a y e r  in f luences  t h e  hea t ing  and aerodynamic c h a r a c t e r i s t i c s  of t h e  v e h i c l e ,  
it i s  d e s i r a b l e  t o  de f ine  q u a n t i t a t i v e l y  t h e  e f f e c t  of a b l a t i o n  on t h e  
s t r u c t u r e  of t h e  gas  envelope. 

It i s  t h e  purpose of t h i s  r e p o r t  t o  present  t h e  r e s u l t s  of an experimental  B 

i n v e s t i g a t i o n  of t h e  e f f e c t  of s imulated a b l a t i o n  on t h e  subsonic po r t ion  of 
t h e  shock l a y e r  of b lun t  models. T e s t s  were conducted on both spher ica l -  
segment-face and f l a t - f a c e  models. 
gases  a i r ,  helium, and Freon a t  c o n t r o l l e d  r a t e s  through t h e  porous f r o n t  
faces  of t h e  models. Some ear l ie r  work on spherical-segment-face models 
( r e f .  1) i s  a l s o  d iscussed .  

Ablat ion w a s  s imulated by i n j e c t i n g  t h e  
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MODELS AND TESTS 

Four models were used ( f i g .  1) each c o n s i s t i n g  of a c y l i n d r i c a l  body with 
a b l u n t ,  porous f r o n t  f ace .  Three of t h e  models (models l ( a ) ,  l ( b ) ,  and l ( C ) )  
had i d e n t i c a l  spherical-segment f a c e s ,  bu t  d i f f e r e n t  i n t e r n a l  geometry. The 
f o u r t h  model (model 2 )  had a f l a t  f ace .  
f o r  models l ( a ) ,  l ( b ) ,  and l ( c )  i n  o rde r  t o  determine whether t h e  r e s u l t i n g  
i n t e r n a l  f low d i f f e rences  would a f f e c t  t h e  flow i n  t h e  shock l a y e r .  The i n t e -  
r i o r  of models l ( a )  and l ( b )  cons i s t ed  of a simple con ica l  nozzle .  I n  addi- 
t i o n ,  model l ( a )  w a s  provided wi th  four  s m a l l  t ubes  f o r  measuring p res su re ,  
two te rmina t ing  i n s i d e  t h e  model and t h e  o t h e r  two t e rmina t ing  at  t h e  porous 
f ace .  Model l(c) had an i n t e r n a l  calming screen  between t h e  con ica l  nozzle  
and t h e  porous f a c e .  The i n t e r i o r  of model 2 w a s  i d e n t i c a l  t o  t h a t  of 
model ~ ( c ) .  

D i f f e ren t  i n t e r n a l  designs were used 

The models were t e s t e d  by i n j e c t i n g  var ious  gases  through t h e  porous 
f aces  i n t o  an oncoming a i r  stream. Shadowgraph p i c t u r e s  w e r e  t aken  of t h e  
r e s u l t i n g  flow. The t e s t s  were conducted a t  t h e  Ames Research Center i n  t h e  
1- by 3-foot wind t u n n e l .  T o t a l  p re s su res  i n  t h e  wind t u n n e l  ranged from 5 t o  
40 p s i a ,  and t h e  Mach numbers of t h e  f r e e  stream were 3 and 5 .  
a t  a Mach number of 3,  a i r  w a s  i n j e c t e d  through t h e  models i n t o  t h e  oncoming 
a i r  s t ream; f o r  a Mach number of 5 ,  a i r ,  helium, and Freon were i n j e c t e d  t o  
s tudy t h e  e f f e c t  of t h e  molecular weight of t h e  i n j e c t e d  gas on t h e  bow shock 
wave. The blowing r a t e  w a s  c o n t r o l l e d  by means of a needle  va lve  and w a s  
metered wi th  a Venturi  i n s t a l l e d  i n  t h e  gas supply l i n e .  The blowing r a t e ,  
r e l a t i v e  t o  t h e  free-s t ream r a t e ,  w a s  v a r i e d  by a d j u s t i n g  both t h e  i n j e c t i o n  
r a t e  and t h e  t u n n e l  t o t a l  p re s su re .  The formulas used t o  compute t h e  flow 
r a t e s  of t h e  i n j e c t e d  gas and of t h e  tunne l  a i r  stream a r e  given i n  t h e  
appendix of t h i s  r e p o r t .  

For t h e  t e s t s  

RESULTS AND DISCUSSION 

The experimental  d a t a  cons i s t ed  p r imar i ly  of shadowgraphs of t h e  models 
and bow shock waves f o r  d i f f e r e n t  gases  and r a t i o s  of in jec ted-gas  flow r a t e  
t o  f ree-s t ream flow ra te .  Typical  photographs are presented  i n  f igu res  2 
through 5. Except f o r  f i g u r e  5 ,  t h e  photo ra&s are arranged i n  columns f o r  
t h e  same normalized blowing-rate r a t i o  h$ (pV/p,V,). This  form of t h e  
blowing-rate r a t i o  w a s  adapted from t h e  t h e o r e t i c a l  cons ide ra t ions  of 
r e fe rences  1 and 2 .  

Limited,  p re l iminary  p res su re  measurements by means of  t h e  tubes  i n s t a l l e d  
i n  model l ( a )  showed l i t t l e  e f f e c t  of low blowing rates on t h e  su r face  pres-  
s u r e s  of  t h i s  model. A t  h igh blowing r a t e s ,  t h e  measurements made i n  t h i s  man- 
ne r  were not  f e l t  t o  r e f l e c t  su r f ace  p re s su res  accu ra t e ly  under condi t ions  of 
a c t u a l  a b l a t i o n .  The p res su re  d a t a ,  t h e r e f o r e ,  w e r e  no t  considered r e l e v a n t  
and a r e  not  presented  he re in .  However, t h e  presence of t h e  p re s su re  tubes  d i d  
in f luence  t h e  shock-wave p a t t e r n  i n  an i n t e r e s t i n g  way as w i l l  be  shown. 
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The photographs of f i g u r e  2 show shock-wave p a t t e r n s  which depend on t h e  
blowing-rate r a t i o  and whether o r  not  t ubes  w e r e  i n s t a l l e d  i n  t h e  model. When 
a i r  w a s  i n j e c t e d  i n t o  t h e  shock l a y e r  a t  blowing-rate r a t i o s  up t o  0 .45 ,  t h e  
shock th i ckness  for t h e  model wi th  i n t e r n a l  t ub ing ,  model l ( a ) ,  w a s  approxi- 
mately t h e  same as t h e  shock th i ckness  f o r  t h e  model without i n t e r n a l  t ub ing ,  
model l ( b ) .  However, a t  h ighe r  blowing-rate r a t i o s ,  exemplif ied by 0.69 and 
1 . 1 4 ,  t h e  shock l a y e r  of model l ( b )  w a s  found t o  be unsteady and s u b s t a n t i a l l y  
t h i c k e r  t han  t h a t  .of model l ( a ) .  
gas i n j e c t i o n  w a s  i nd ica t ed  by t h e  presence of  a secondary shock wi th in  t h e  
shock layer f o r  both models l ( a )  and l ( b ) .  
p a t t e r n s  suggested a v a r i a t i o n  i n  t h e  d i s t r i b u t i o n  of i n j e c t e d  gas over t h e  
f aces  of  t h e  models. The secondary shock of model l ( a ) ,  except f o r  l o c a l  
i r r e g u l a r i t i e s ,  w a s  l o c a t e d  a t  a uniform d i s t a n c e  from t h e  model and suggested 
a uniform d i s t r i b u t i o n  of t h e  i n j e c t e d  flow. 
has a nonuniform s tandoff  d i s t a n c e  wi th  a maximum value  near t h e  a x i s  of sym- 
metry,  i n d i c a t i n g  t h a t  t h e  i n j e c t e d  flow tended t o  form a j e t .  A previous 
r e p o r t  on a s i m i l a r  i n v e s t i g a t i o n  ( r e f .  31, u t i l i z i n g  unscreened forward-facing 
j e t s  , a l s o  noted t h a t  unsteady flow occurred at c e r t a i n  i n j e c t e d  f low-rate  
condi t ions .  

A t  t h e  blowing-rate r a t i o  of 1 . 1 4 ,  supersonic  

Var i a t ions  i n  t h e  secondary shock 

The secondary shock of model l ( b )  

The quest ion a r i s e s  as t o  how w e l l  t h e  gaseous i n j e c t i o n  s imula tes  
a b l a t i o n  for t h e  high blowing r a t e s  f o r  which unsteady flow occurs .  It i s  
expected t h a t  i n  t h e  case  of a c t u a l  a b l a t i o n  produced by r a d i a t i v e  and convec- 
t i v e  hea t ing ,  t h e  a b l a t i v e  flow d i s t r i b u t i o n  would be nea r ly  uniform and 
s teady ,  p a r t i c u l a r l y  f o r  bodies  as b lun t  as t h o s e  of t h e  present  i n v e s t i g a t i o n .  
Thus, t h e  t e s t  r e su l t s  wi th  i n j e c t e d  a i r  a t  high f low-rate  r a t i o s  f o r  
model l ( b )  are not  f e l t  t o  be a r e l i a b l e  s imula t ion  of  a b l a t i o n .  

The quest ion of  t h e  ex i s t ence  of  an i n t e r f a c e  i n  t h e  shock l a y e r  which 
sepa ra t e s  t h e  i n j e c t e d  gas from t h e  oncoming a i r  stream w a s  examined and w i l l  
be  d iscussed  next .  The presence of an i n t e r f a c e  between t h e  i n j e c t e d  gas  and 
t h e  shock-layer a i r  i s  assumed i n  t h e  t h e o r i e s  of r e fe rences  1 and 2 f o r  pre- 
d i c t i n g  t h e  e f f e c t  of t h e  i n j e c t e d  gas flow on t h e  shock-layer t h i ckness .  When 
helium and Freon w e r e  i n j e c t e d  i n t o  t h e  shock l a y e r ;  a well-defined i n t e r f a c e  
w a s  observed i n  t h e  photographs obtained during tes t s  a t  a Mach number of 5 
( f i g s . 3  and 4). 
a normalized blowing r a t i o  of 
up t o  1 .05  f o r  model 2.  I n  t h e  t e s t s  a t  a Mach number of 3,  however, when a i r  
w a s  i n j e c t e d  i n t o  t h e  shock l a y e r ,  t h e  i n t e r f a c e  w a s  d i f f i c u l t  t o  d e t e c t .  This  
w a s  an expected r e s u l t  as t h e  d e n s i t y  d i f f e r e n c e  between t h e  two reg ions  w a s  
small f o r  t h e s e  condi t ions .  

The helium-air  and Freon-air  i n t e r f a c e  were f a i r l y  uniform f o r  
( s / p , V , )  of up t o  0 .58  f o r  model l ( b )  and 

t 

An i n t e r e s t i n g  r e s u l t  w a s  obtained when t h e  experimental  bow shock-wave 
p o s i t i o n  w a s  u t i l i z e d ,  t oge the r  wi th  t h e  method of r e fe rence  4 ,  t o  p r e d i c t  t h e  
t h e o r e t i c a l  s o l i d  body necessary t o  produce t h e  shock. In  t h e  method it w a s  
assumed t h a t  t h e  sonic  poin t  on t h e  i n t e r f a c e  w a s  l oca t ed  one model r ad ius  from 
t h e  a x i s  of symmetry, and t h a t  t h e  shock and i n t e r f a c e  su r faces  were s p h e r i c a l .  
With t h e s e  assumptions,  t h e  shock p r e d i c t i o n  c h a r t s  of re ference  4 a r e  app l i -  
cab le .  The r e s u l t s  of  t h e  c a l c u l a t i o n s  a r e  ind ica t ed  by t h e  dashed l i n e s  a t  
t h e  lower blowing-rate r a t i o s  i n  f i g u r e s  3 and 4. 
l i n e s  and t h e  a c t u a l  i n t e r f a c e  i n d i c a t e s  t h a t  t h e  bow shock-wave forms as 
though t h e  i n t e r f a c e  were a s o l i d  body. 

The congruency of t h e  dashed 



The s u i t a b i l i t y  of t h e  normalized blowing-rate r a t i o  f o r  c o r r e l a t i n g  
shock s tandoff  d i s t ances  wi th  gases  of va r ious  molecular weights i n j e c t e d  i n t o  
t h e  shock l a y e r  can be  seen i n  f i g u r e  3 where t h e  s tandoff  d i s t ances  are n e a r l y  
equal  f o r  equal  blowing-rate r a t i o s  ; f o r  example, a t  blowing-rate r a t i o s  of  
0.36 and 0.58 t h e  shock-layer t h i ckness  of helium and Freon were about equa l ,  
al though t h e  a c t u a l  mass-flow ra te  of Freon w a s  about 5-1/2 t i m e s  g r e a t e r  t han  
t h a t  of  helium. 

The e f f e c t  on t h e  cen te r - l i ne  shock-layer t h i ckness  produced by blowing 

The r e s u l t s  are shown as a func t ion  of  t h e  
var ious  gases  i n t o  t h e  shock l a y e r  f o r  a l l  four  models a t  Mach numbers of  3 
and 5 i s  summarized i n  f i g u r e  6 .  
blowing parameter J ( p 2 / p m ) ( l / k )  (pV/pmV,) ( a  form suggested by t h e  t h e o r e t i c a l  
cons idera t ions  of  refs .  1 and 2 ) .  
f o r  c o r r e l a t i n g  t h e  e f f e c t  of free-stream Mach number on shock s tandoff  d i s -  
t ance .  It can be seen t h a t  t h e  shock s tandoff  d i s t ance  inc reases  approximately 
l i n e a r l y  with t h e  blowing parameter and t h a t  t h e  d a t a  c o r r e l a t e  except f o r  t h e  
prev ious ly  mentioned uns tab le  data f o r  model l ( b ) .  
d i s t a n c e  inc reases  less  r a p i d l y  with increased  blowing f o r  t h e  f l a t - f a c e  model 
t han  f o r  t h e  models with spherical-segment f r o n t  f a c e s .  

The d e n s i t y - r a t i o  t e r m ,  p2/p,, i s  included 

A l s o ,  t h e  shock s tandoff  

Figure 6 a l s o  p re sen t s  a comparison of measured and p red ic t ed  s tandoff  
d i s t ances  f o r  t h e  models wi th  spherical-segment f r o n t  f aces .  The p red ic t ed  
d i s t a n c e s ,  t aken  from t h e  t h e o r e t i c a l  r e s u l t s  of r e fe rence  2 ,  were found t o  be 
i n  fa i r  agreement with t h e  experimental  r e s u l t s .  A s i m i l a r  comparison f o r  t h e  
f l a t - f a c e  model w a s  not made because of t h e  absence of t h e o r e t i c a l  r e s u l t s .  

CONCLUSIONS 

An experimental  i n v e s t i g a t i o n  w a s  conducted of t h e  e f f e c t  of s imulated 
gaseous a b l a t i o n  on t h e  bow shock of spherical-segment-face and f l a t - f a c e  
models. Gaseous a b l a t i o n  w a s  s imulated by i n j e c t i n g  t h e  gases  a i r ,  helium, and 
Freon through t h e  porous f r o n t  f aces  of t h e  models i n t o  an oncoming a i r  stream 
f o r  which t h e  free-s t ream Mach numbers were 3 and 5 .  Examination of t h e  t e s t  
r e s u l t s  i n  t h e  form of shadowgraphs supported t h e  fol lowing conclus ions :  

1. A t  low r a t i o s  of in jec ted-gas  t o  f ree-s t ream m a s s  f low, a uniform 
i n t e r f a c e  e x i s t e d  i n  t h e  shock l a y e r  between t h e  i n j e c t e d  gas and t h e  oncoming 
a i r  stream f o r  helium and Freon. The l o c a t i o n  of t h e  bow shock w a s  p r e d i c t a b l e  

* by t r e a t i n g  t h e  i n t e r f a c e  as a s o l i d  body. 

2 .  I n  gene ra l ,  t h e  shock-layer t h i ckness  increased  approximately l i n e a r l y  
” with  t h e  r a t i o  of in jec ted-gas  t o  f ree-s t ream m a s s  flow and a t  a given m a s s -  

flow r a t i o  w a s  i n v e r s e l y  p ropor t iona l  t o  t h e  square roo t  of t h e  r a t i o  of t h e  
molecular weight of t h e  i n j e c t e d  gas t o  t h e  molecular weight of t h e  free-s t ream 
a i r .  

3. Theore t i ca l  va lues  f o r  t h e  e f f e c t s  of i n j e c t e d  gas on t h e  cen te r - l i ne  
shock-layer t h i ckness  w e r e  i n  f a i r  accord wi th  experimental  r e s u l t s  f o r  t h e  



spherical-segment-face models. A similar comparison for the flat-face model 
was not possible because of the lack of theoretical results. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., May 10, 1965 
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APPENDIX 

BLOWING-RATE CALCULATIONS 

The i n j e c t e d  gas w a s  metered through a c a l i b r a t e d  Ventur i  for which t h e  
u n i t  mass-flow ra te  i n  l b / f t 2  sec w a s  given by 

where A = rd2/4  i s  t h e  f r o n t a l  area of t h e  model. The cons tan t  c (for t h e  
p a r t i c u l a r  Venturi  used)  w a s  0.0694, 0.1865, and 0.382 for helium, a i r ,  and 
Freon, r e s p e c t i v e l y .  
given by 

The u n i t  mass-flow r a t e  of  t h e  t u n n e l  a i r  s t ream w a s  

(The symbols used i n  t h e  above equat ions a r e  def ined i n  t h e  no ta t ion  s e c t i o n . )  
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Figure 3.- Shadowgraph photographs of model l ( b )  and bow shock; a i r ,  helium, 
and Freon i n j e c t i o n ;  & = 3 .  
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7 I - 

a 

b 

b 
b 

b 
b 

I I -  

I -  

- 

b b  

6 

3r 

I 

3 

1 - 0  

0 
0 I 2 

Pmk paovao 

Figure 6.- Correlation of shock standoff distance with blowing-rate parameter. 

14 NASA-Langley, 1965 A-2058 



“The aeronautical and space activities of the United States shall be 
conducted so ar to contribute . . . to the expmsion of him” knowl- 
edge o f  phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its actiuities and the restilts thereof .” 

-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS: Information derived from or of value to 
NASA activities but not necessarily reporting the results .of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availability o f  these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


